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Molecular mechanisms of AbrB and ResD as negative regulators
in the bacillomycin L biosynthetic pathway and construction of
high-yield strains

WANG Xiaohua', SHEN Hanwen', CAI Shali', LIU Wengian', LIU Xuehui’, ZHOU Changyong’,
YIN Xiulian', SU Kexin', LUO Chuping"”

1 Key Laboratory of Probiotic Preparations, Huaiyin Institute of Technology, Huai’ an, Jiangsu, China
2 Institute of Biophysics, Chinese Academy of Sciences, Beijing, China

3 Huai’an Academy of Agricultural Sciences, Huai’ an, Jiangsu, China

Abstract: [Objective] Bacillomycin L, a cyclic lipopeptide antibiotic produced by Bacillus
velezensis Bs916, has been demonstrated to possess strong antifungal activity. However, its low
yield has become a critical bottleneck limiting its large-scale application. This study aims to
identify the negative transcriptional regulators involved in bacillomycin L biosynthesis and, based
on this, adopt a dual strategy combining genetic engineering and fermentation process optimization
to promote its large-scale production. [Methods] Homologous recombination was employed to
construct single (AresD, AabrB) and double (AresDAabrB) knockout strains. The regulatory
characteristics were elucidated by HPLC, inhibition zone measurement, and RT-qPCR.
Furthermore, EMSA and DNase I footprinting assays were conducted to investigate the binding
activity and identify the specific binding sites of these transcription factors with the flanking
sequences of the transcription initiation site of the Bac gene cluster. Finally, fermentation process
optimization was performed in a bioreactor to further enhance the production of bacillomycin L.
[Results] HPLC results demonstrated that the bacillomycin L yields of all the mutant strains
cultured in the LB media significantly increased by 5.8, 11.3, and 12.0 folds compared with that of
the wild-type strain. The antagonistic activities of the mutants against plant pathogenic fungi
exhibited corresponding increases. RT-qPCR results further confirmed that both ResD and AbrB
acted as negative regulators of bacillomycin L biosynthesis. EMSA experiments revealed that both
ResD and AbrB possessed strong binding activities with their target sequences. DNase I
footprinting assays further elucidated that AbrB exhibited a propensity for binding to A+T-rich
gene fragments and displayed extensive DNA-binding capabilities, directly interacting with the
promoter region, 5" UTR, and coding regions of the Bac gene cluster. Unfortunately, the specific
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binding site of ResD remained to be identified. Under fermentation conditions, the genetically
engineered strain AresDAabrB achieved gram-per-liter level production of bacillomycin L in an
optimized glucose-mineral salts medium. This result greatly promoted the large-scale production of
bacillomycin L. [Conclusion] Adopting a dual strategy that combines genetic engineering with
fermentation process optimization effectively breaks the bottleneck of low yields for Bacillus-
derived antimicrobial peptides. This study provides a reference for the mass production of other

microbial secondary metabolites.

Keywords: Bacillus velezensis; bacillomycin L; AbrB; ResD; high-yield genetically engineered

strain

AT IR IR — R PE AR,
FHRIKVERIZAE | B EEAR > PR E LIRS 3 K
I R e 4 A v ) I 2Ry i 3 e AR A%
WK K & BY i (nonribosomal peptide synthetase,
NRPSs) 8¢ % i & W - 4F 2% B 1k Ik & 6l g
(polyketide synthase-nonribosomal peptide
synthetase, PKS-NRPSs) & 12 & hl, H: i 4 ff) 4
B2 BRI T 17 i SISk ¥ 45 A A 0 5 1
A AN, RER -kl B-E SR
5 PR BEAE A E S A 3 R A M RE T T ) 2
] E— b R A M AR R BR RS I
(25 H 22 5 T T H D RERY Z R NE, E T 52 0
HAefol . B2y, &5 S SU I 7E R o AT
AR LB TR R (turin) 005, 2 H AT
BONTZ PR R R IR IR —, H4hty
T AT A FE IR AR Y IRBE (L-Asp-
D-Tyr-D-Asn-L-Ser-L-GlIn-D-Ser-L-Thr) fl — 4% &
14-17 DRRIFEF1 B- IR IREES . FFIE R
L % 22 o T R P D o 2 B S a8 A A7
FLTA I MERT, AT 40 B R BT B 0 T R,
REMHE R LA BBCRN BB EST S
I, AE e T 7 e I B AR A G ol R M S5 ] B 2 1
Ry BRI LS Tl Ak A 7= 1 2 A

CA PR, IRIRSEHTE R G iz 2
AbrB ., ResD %5 A5 Sk R 1 1) B 4102,
AbrB & —Fl 1 94 /> AH ] 5 kB A 20 i i 1 3
7, BRI 2 DS A N S DNA
45 & 45 1 3 (AbrBN) il C i 2 R 1k 45 19 55

(AbrBO)™!, H: DNA 254 g ot 4l N imish iy
I AbrBN SZEE, &5 M d 53 AR, SR
FABUIR 8 E -7 A -8 E T & O K. SPUNFEE
DNA BB 751 AF, AbrB 7£ DNA 454
1 ELAT — 2 A AR S v A S — b B 1k
SRR T, AbrB 7840 B X B K skt
W H A B 100 M5 R AW . 415
24 AT AR OGS R A e 0L B
FEUESE,  AbrB AR A XL ] 8 4 R 1 1] R4 %
B SiplAbl § 4337, [a] B ri i 45 2F 4
R REEER . MR EER . P RERS
Ne kA Z 7 A=1820 ResD J& ResD-ResE
(M) 7 9 4T R - S Sl AL oA 5 e S &R
SRR gy, TEIRAZ G WA AR T 8V I
R R A A R EERP, ResD J& T
OmpR W05, 408 C Uiy 25 Fa A N S 4%
WCEEFER 2 5. Hirr, C s 45 H s T
SRR -5 - IR R Sk MR, A
DNA Fll RNA RA& A 45 G005 5 N izl gs
Pl By AN 4454 DNA, 12 38 i JE U ik
LG C SR S5 Ra e, 2 T 9 4 A 56 3 A
(IR FE B S 51 T, ResD 5 ResE
PMEIWERT,  [a) 42 4 2F A TR iz SR A R
L (fen) FIL 2 101 14 22 5 AR+ (srfA) B9
KIS FIAF S IR SE, ResD A% i 1 4%
G54 W 7085 2 (locillomycin) & 85 P (loc) B I
T X FAE S wEZ AP, (AT
AR L IR E v AR DL RE
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FIAT, BRigtfe TREdcE TBoh, Higrdtil
e AR R 37 B W S ) B A R AL
P 2R AAAT IR TR IR IR R T PE R | IZ RS
PRI E TR, A B E
PR e R L A& UM S Y B0 2 S P2 19
PR AL, Rl 2 R BOR R A
e TR AR s TEUEEERN b, HE— 2P R HLA
MR B T AL, 38 5 U SR Y 2 i v
VISR BT e 2% L AR i A, Set
2T R DT TR IR A MUEAL A 7

1 MRE5F*E
1.1 EHFInER

A= B B DL 3K ZE S AT B (Bacillus velezensis)
Bs916 KGR th A S R AF s R RAr [G

=1 ARARBEAS

B (Escherichia coli) DH5a #1 BL21 1 H It 5t 45
BV BARA RN T 5% 3w (Alternaria
alternata) S-3 HEZ TR BB B G5
FOPERAT . BRI RH A, T
VEMREE 3500 . N8R 100 pg/mL, RIF%E:
E 50 pg/mL, ZI%H 1 ug/mL, FEZE S ug/mL,
1.2 DURHZFAMTE Bs916 KL EHRAY
e

L Bs916 JER A A, Z25 SCHk[21] 0Tk
Ik T PCR 74, R340 abrB Hl resD 1
SN B, BTG IR 1. DASiEs
= % 7E B pMUTINLoc 11 pSGFen®” 2y H %1 2,
&, % Hind M/BamB 1 1 Xho VEcoR 1 47
XURfE ) Ab PR, Bl 5 3 A 28 4 [R) UL D7 Ak 2 Y
PCR ¥ 5L B, B Horb Y Loc Fl Fen %

Table 1  Primers used in this study
Name Size/bp  Sequences (5'—3") Function
AbrB-F 29 TTTAAGCTTTTCGACATTCTGAATGGGAG  Amplify the 670 bp segment of the abrB

(Hind 11) sequence and construct the gene knockout vector
AbrB-R 29 TTTGGATCCATCATCAGAAACTTCACCAG  pMUTINAbrB

(BamH 1)
ResD-F 29 TTTCTCGAGAATCTGATGCCAGCCCCATT  Amplify the 842 bp segment of the resD

(Xho 1) sequence and construct the gene knockout vector
ResD-R 29 TTTGAATTCAGCATCGCGATCATTCAGGA  pSGResD

(EcoR 1)
pET-AbrB-F 28 TTTCCATGGTGAAATCTACTGGTATCGT Expand the complete abrB sequence and

(Nco 1) construct the transcription factor expression
pET-AbrB-R 29 TTTCTCGAGTTTTTGGTTTTGAAGCTGGT  Vector pET-AbrB

(Xho 1)
pET-ResD-F 29 TTTCCATGGTGGATCAAACAAATGAAACT Expand the complete resD sequence and

(Nco 1) construct the transcription factor expression
pET-ResD-R 27 TTTCTCGAGTTCAGCGCCTACCTCAAA Vector pET-ResD

(Xho 1)
Primerl-F (FAM) 19 TTCTTATACTTTTTAAAAAAACAGCCGC Amplify the 503 bp probe fragment for use in
Primer1-R 18 ATCTAACATCCTAGCATG EMSA and DNase [ footprinting experiments
Primer2-F (FAM) 18 TCCTAAGTGAAGAAGAGCC Amplify the 651 bp probe fragment for use in
Primer2-R 19 CACGGCGGCCATCGTCCC EMSA and DNase I footprinting experiments
Primer3-F (FAM) 16 CATTCTGTTGTCTCAG A probe sequence of 546 base pairs is used for
Primer3-R 16 TCAAATTGTCTCATAC amplification, serving as a n.on-target negative

control for the EMSA experiment

16S rDNA-F 24 TTAGCTAGTTGGTGAGGTAACGGC RT-qPCR experiment
16S rDNA-R 24 TCCGTCAGACTTTCGTCCATTGCG
Bac D-F 24 CTGTGTTTTAACGGAGATATGAAT
Bac D-R 24 GCCGGCACAGACAAGCGCTGAATA
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R B, B Z3R45 H A il bR 2k & pMUTINAbrB
F1 pSGResD.. 4 5 2 #4454 {L 2 Bs916 JBAZ 35
it SrATE S ARG R MLE R LB P L
Tk, FRAAEAKE AresD 1 AabrB. ¥ 8520 28044
pSGResD ¥ 4L & AabrB JEZ 354N, 7[R At
GEBEEMLATE RN LB AR ks ey
# AresDAabrB.
1.3 DISEHTZFFE4F & Bs916 33T E#k 4T
EHEZ L =00

4 Bs916 S H AR AN T LB 5575
i, 37°CH;FR 48 h Ji, WA LA 8 000 r/min 25
L 10 min, WHE LB FWEW, P47 pH 2 2.8,
4 °CRFE I o 48 R BSOS M TTE F H g
B, Mib—Lalife P& R L, R
[T A 2 B S C 18 1R 2 JURE Xof HEY st 4 B A 4K
Uk ATalifl, BRI A0 TR 2 R SCHR (5100 07 1
B [ FHZEEEE 1100 2R3 =8OR (% - i
15 FH 22 88 (HPLC-MS/MS) X UE B - A A, 46
TP A 210 nm, AR ONE-K- =3 LRIk
AL 60:40:0.5), #i#E R 0.5 mL/min, K75
S A K537 5 5 BEOCHR 28] ikttt T, &
W3 IR S HOE S IR (RERE . A2 2P0 . AN .
A TETER) . BIRORE AR . b . 4 A
B W), £JREF(Ca®, Cu*', Fe™") i
FHEQ%. 4%, 6%. 8%. 10%)AHEI & BESL5:
Jema i Tal, 454 Box-Behnken #5171 4L
e 20 G AL K R I 4L (/L) . 5 % B 10.0,
BRI 5.0, R 4.0, KT 2.0, Bk S
B 4.08, BERRE N 5.68, FrAEBEREN 0.002 06,
FAEES 0.000 777, L/KERRREE 0.001 23, L/KARAR
MK 0.001 11, FKBRER %L 0.000 241; $EFh i
H4T7%. WEFEIT%: P 5 L AmERE, TARAH
20L, ¥ 30°C, HiFfEE 180 t/min, 8 < &
0.5 vol/(vol*min), #53% 15 h fil&Fh . K
SEEOAE S0 L R BERE T UEAT, HESE BB ik
W 2 DU 3 iR . AR 30 L,
FER 15 LA, A&~ 1 vol/(vol-min),

HABRSHYE S L kB8 KEadfET|,
SR FH i 37K A% R A5 4 D e e S5 T A
AL UV (DN'S 32 I 52 & BT P i D b 75
W, R R i A A R R TR (50% A R T,
115 °C, 15 min) A4 Fpmr W A2 2 78 10 g/L
Ietio A RIESCIRIe 3 IKER .
1.4 DUSEERZFTAFFEH Bs916 R ERTE
MFInEEE M E

¥ Bs9l6 i H % AF ¥k AresD. AabrB,
AresDAabrB 77 M HF T A G HLAER M LB K5
b, 37 °CHESF 48 h WEFRGEHUR, BRI
8 000 r/min B.[> 10 min, FIEWZ 0.22 um JENE
PEUE, ARARREIRE S KRR BRI E S-3 42
T T PDA ¥53: 55, 28 °CHi5% 48 h, JHATHLESH
BVHEF T LB 5 PDA RA 5 32 3 AR b ok,
DU R, XTRRET 4 ~FL, BEFLIILA 200 ul
EM B AN, 28 °CHFE 48 h, @i #
B PE T R DA, Bs916 S H A AR Bk B B BR TG Pk o
e B E AU AN A (DR

S=n(D/2)’ (1)

X S oAIME B A (mm?), D I
A% (mm).
1.5 Bac ERFEAENEHFATE
Bs916 K ERTRPHIFRIRIKFE 4

K H RT-qPCR % D 5i¢ 8y 28 /6L AT 7 Bs916
Fe 2Kk AresD . AabrB. AresDAabrB ' Bac
SERE ) mRNA FikKF . i A Wk 8T
LB ¥ 323 p, 37 °CHE 3% 12, 24, 48, 72,
96 h, fdi F TRIzol 57 (Invitrogen 2% F])H B
RNA, F1#] ] Rotor-Gene SYBR Green RT-PCR
R £ (Qiagen A w7 5% 5 qPCR ¥4 .
PL 168 rRNA JEH N2, SR 2744 iEPH T3
H Y 3 R AR e 1R 7K o R SEER 3415 3 Ik
R, MHXBIYEEBELE 1.
1.6 EHERFFEBAFIZSHEK

Ph Bs916 LR MAit, Z2% SCHk[21) ik
7k T PCR 9788, R4S 5417 abrB Fl resD
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SRR B, FrSIiEILE 1. UL pET-28a A
ZRAAR, 47 I DNA SR N B2 S A1 L(E. coli
DHS50r) %6 AL (4 F5 1 J5 125, 1 D) Ay 1 3% 5 3 1A
pET-AbrB il pET-ResD. FifiJ5, ¥ B4R 55
1A pET-28a 735440 & E. coli BL21(DE3)4H /iy
W, IFESTRIREE R Y LB BisFAl b0 ki 1k
o YHEARMRTE LB Bk A K 2 X040 i
W, 1R A IPTG (4 0.8 mmol/L),
16 °CHE 3G 12 he A BO YR RO AR I DTTE T
2 20 At 24 /% W (20 mmol/L Tris-HCI, pH 7.4;
200 mmol/L NaCl; 2 mmol/L MgCl,; 2-3 mmol/L
WRIR) FFr ] AR R 7 e A A S Ak 3 2 v R
WiEW], @it SDS-PAGE Xt LI ARG
P Bi i o R = L R AU CE SR S v R o = R /9
Ni-NTA 6FF Sefinose’ # Jif izl &[4 T A4 172
(o) B AT FR S Wl RS B E AT il o I
J& . # BT 48 (Solarbio 23 7)) 25 bR DKM 25 /N3
TR, R AS R Uk T B R R S
(electrophoretic mobility shift assay, EMSA) Fl
DNase I /&30 S50 2K i 2 R

1.7 EKTREREHLIN(EMSA)

P Bs916 J [H 2 S Al , fii Fl 2xTOLO
HIFI DNA Polymerase Premium (TOLO Biotech
28 A1) FR B 94 96 K (5-carboxyfluorescein, FAM)
FRCH 1 Yl # DNA %5, AEEEARBAPEXT BECR
Bs916 J A 21 b — Be 55 52 56 #0 AR G [ IR 1 9
DNA FrBt, DAHEBRAESS RS & i i 5256 T
Yoo WREH ISR 1. BEfS, 4% 50 ng
DNA #4515 AR EH 0.0, 0.5, 2.0, 5.0 pg)ff
Bl 57 DRl 2 1 U, 2% AR [ S0 mmol/L Tris-HCl
(pH 8.0). 100 mmol/L KCl. 2.5 mmol/L MgCl,.
0.2 mmol/L DTT, 2 g salmon sperm DNA #l
10% HlHIRA, 25 °Ci¥E 30 min. #f DNA-
BALATY RS 6% TBE HHIZ, L 150V T
HIK . e, (3] ImageQuant LAS 4000 mini
AR ZR GEX B HEA T ISR
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1.8 DNase I EjFSCIS

DNase [ 237k 5256 2 B SCHR[21,30] 89 J7 i F
17, FRIZEERUT . ¥ 50 ng DNA #4H5 5 g
EES 1.7 55 EMSA SZI0AH R ) 5 254 R
WEE . KRS, M DNAZEAZSE A 0.015U
DNase I (Promega A #)), 37 °CH#H 1 min, X} I
IR SN 7 1) R F - S s b e DA 25 B 8 1 B A
g%, LT O EEUUVE P DNA. # DNA JiiJE
wRETEaikd, ffH ABI Wl ¥ & ABI
GeneScan 500 Liz DNA 43 AR 74347 -
1.9 HiEAE

Bk H SPSS 26.0 St it 140 07, I
FIIH Origin 2018 b2zl AIRIE . LA P<0.05 4
B EVEKF-, KM Duncan’s 2 8 LK 56 01T
25 5% 5 R

2 HERE5AM

2.1 DISEHRZFA4TE Bs916 M H Rk
FHESE L =7

g W SE T S [T AbrB 5 ResD X H bRk A
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U1 SEHT 2F AT T8 Bs916 BA% A5k AresD . AabrB
Ko WAL KR AresDAabrB, HPLC-MS il 5 4%
IR, Bs916 AEHE ™ EAT R R R LA AIFFIEER
LB 2 FPlEl R Y, —FINEUs 0I5 AT b (m/z) 5 5]
71021.6 #1 1 035.6 (Kl 1), Bs916 K H AR #k
16 LB 535 5 15 5% 12 h J5 Y RE i 408 AT
HREL, XSRANEATOHRE R HEE L
(149 A 9 AN & A AR X B K R B i 1k A
W—8(E 1A, £ 2)PY FF—H e, 5
P A UG RRAH LY, FBR resD F1 abrB FeH A] T
WA L o sl $E & 5.8 A 11.3 55 WUk
IR R TG I, AR R L el e 2 iR
R 12.0 £%, 5% 235.1 mg/L (K 1A, 3 2).
kg R R, ST ResD 5 AbrB X R
REBAERITHE R L A 3R 7%
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Figure 1

Analysis of bacillomycin L production by Bacillus velezensis Bs916 and its mutant strains in LB

medium. A: High-performance liquid chromatography (HPLC) chromatogram; B: Mass spectrometry (MS)

analysis spectrum of bacillomycin L.

2.2 DIGEERZFTA4TE Bs916 M H Rk
MEVEME ST

Shy T U L A2 DL S B 2R R 1 Bs9l6
HRASRRBM BTG E 22 5, SR A AR TR
MEAEE ER. S5R 8RN, @Bk resD 5% abrB FEH
AT R 1 Bs916 R REAS AT S-3 U EA
TP T XU DR ] A (53 s 400 B T 1 0 — A 4R
F(E 2). FiRgEHEERH, ResD 5 AbrB &Y
IV AT AR E DU SR ZEAAT R A R B R L AR
HEIEER RN A, X—2%5185 HPLC-MS &

50U E EIE
2.3 DUSEHTZFTA4TE Bs916 X HRT#%
P Bac EFFERE RS

FiE—EEAUE AbrB 5 ResD XA H % L
HB R REEER, AR T Bs916 J H:
ZAFKRH BacD N 1 K. BacD AT
T FE L A LR R (Bac) P IR IAEIHILH , S
AR A IR A il , 5T B-2 R e 5
NEIEMR ML, Ja sh g ke %e, RS
AR R IR M T, RT-qPCR £5 (14 3)
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xR2 DURETZFAMTEBsII6 R ERTHRELBRMUIEFREFHEERL~2RN
Table 2 Bacillomycin L production by Bacillus velezensis Bs916 and its mutants grown in LB or optimized

medium
Strains LB medium Optimized medium
Biomass/ Bacillomycin L/(mg/L) Biomass/ Bacillomycin L/
(g/L) (g'L) (mg/L)
48 h 12h  24h 48 h 72 h 96 h 48 h 48 h
Bs916 3.86+0.32 0 15.9+0.3q 19.6+0.4p 16.3£0.4q 15.5+0.3q 4.88+0.32 56.8+0.3n
AresD 3.71£034 0 47.7+0.30 114.1+0.41 108.1+0.3k 100.2+0.51 4.66+0.34 363.2+0.3¢
AabrB 3724041 0 63.6+0.3m  222.3+0.4e 205.5+0.5¢g 198.5+0.6h 4.65+0.41 821.5+0.4b
AresDAabrB  3.73+0.39 0 111.3£0.5j 235.14£0.5d 224.2+0.6¢ 214.8+£0.3f 4.64+0.39  1175.5+0.4a

The lowercase letters a—q in the figure all represent significant difference markers.
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Figure 2 Analysis of the antimicrobial activity of
Bacillus velezensis Bs916 and its mutants against
Alternaria alternata S-3. A: Antifungal effects of
Bs916 and its mutants against Alternaria alternata
S-3; B: Inhibition zone diameters of Bs916 and its
mutants against Alternaria alternata S-3. Different
lowercase letters (a—d) indicate significant differences
(P<0.05).
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Figure 3  Analysis of BacD gene the expression
level in the Bac gene cluster of Bacillus velezensis
Bs916 and its mutants. Different lowercase letters

(a-m) indicate significant differences (P<0.05).
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Figure 4 Expression and purification of ResD and AbrB proteins and analysis of their binding activity to the

flanking sequences of the Bac gene cluster. A: Whole-cell ultrasonic lysis analysis of heterologously expressed

transcription factor proteins from Bacillus velezensis Bs916; B: Purification of heterologously expressed

transcription factor proteins; C: Detection of the binding activity of Probe 1 and Probe 3 to ResD or AbrB.
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Figure 5 Analysis of the binding sites of ResD and AbrB to the flanking sequences of the Bac gene cluster. A:

Detection of the specific binding sites of probel with AbrB; B: Detection of the specific binding sites of probe2
with AbrB; C: Detection of the specific binding sites of probel with ResD; D: Detection of the specific binding

sites of probe2 with ResD.
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GAAGCGAGCGATGCGATCTCCTTGGATGTAAAAAAACTGTGTTTTAACGGAGATATGAAT

GAATTGACAAAGACAATGAACGCGCAGCCCGCTATTTTAACGGTCAGTGTGATTGCTTTT

CAAGTGTATATGCAGGAAATAGGGGTGAAGCCCCGCTTCCTGGCAGGCCATAGCTTAGGC

GAATATTCAGCGCTTGTCTGTGCCGGCGCCCTTTCTTTTCAGGATGCCGTTACACTTGTAA

GGGAGCGGGGAATTCTTATGCAAAATGCGGATCCCCAGCAGCAGGGGACGATGGCCGCC
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Figure 6 Analysis of AbrB binding sites within the flanking sequences of the Bac gene cluster. A: Mapping of

AbrB binding sites within the flanking sequences of the Bac gene cluster; B: Schematic diagram of AbrB binding

sites in the Bac gene cluster
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